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1
DIRECT ENTANGLED TRIPLET-PHOTON
SOURCES AND METHODS FOR THEIR
DESIGN AND FABRICATION

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of priority of U.S.
Provisional Application No. 61/898,190 filed Oct. 31, 2013,
which is hereby incorporated by reference in its entirety.

FEDERALLY SPONSORED RESEARCH

This invention was made with Government support under
grants ECCS-1201976 and ECCS-0901469 awarded by
National Science Foundation (NSF). The Government has
certain rights in the invention.

BACKGROUND

The present teachings are generally directed to devices
and methods for triplet photons generation, and in particular
to on-chip integrated sources for generating direct triplet
entangled photons.

An efficient triplet-photon source can have a variety of
applications ranging from ground-breaking experiments in
quantum optics to strict tests of quantum theory to revolu-
tionary applications in secure quantum communication and
computation. Quantum entanglement, where multiple par-
ticles share a joined quantum state, is the basis for many of
these applications. Secure two-party quantum communica-
tion links using optical fiber (A=1550 nm) have recently
been commercialized using pairs of entangled photons. The
challenge for realizing a multiparty quantum network is to
entangle three or more photons, including the ability to form
a Greenberger-Horne-Zeilinger (GHZ) state.

The production of direct triplet photons has, however,
proven to be exceedingly difficult. Although there are dif-
ferent ways to entangle photons (e.g., using post-selection
methods), direct triplet photons production differs in that the
photon triplets originate from the same original photon and
are generated in the same event.

Current methods for triplet photons generation have pri-
marily focused on adapting very low efficiency pair sources.
For example, in one process known as cascaded spontaneous
parametric down-conversion (C-SPDC), a single photon
splits into two photons through (SPDC) and one of those
photons splits a second time, forming a triplet. SPDC can
achieve conversion efficiencies in the range of 107°-107°
(107*8-107'2 for cascaded SPDC). Direct triplet production
through a %® process commonly known as third-order
spontaneous parametric down-conversion (TOSPDC),
whereby one photon is annihilated to produce a photon
triplet, is less explored due to extraordinarily low efficiency
in bulk materials due to low % non-linearity, poor con-
finement, and difficulties achieving sustained phase match-
ing between disparate wavelengths.

Accordingly, there is a need for enhanced sources and
methods for generating triplet photons.

SUMMARY

In one aspect, a device for generating triplet photons is
disclosed, which comprises a substrate exhibiting a linear
refractive index equal to or less than about 1.6 for at least
one radiation wavelength, and a waveguide disposed on said
substrate and adapted to receive laser radiation at that
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wavelength from a pump source. The waveguide exhibits a
linear refractive index equal to or greater than about 1.8 and
a non-linear refractive index equal to or greater than about
1x107*° m*W at that radiation wavelength. The waveguide
can have a maximum cross-sectional dimension in a range of
about 100 nm to about 2000 nm, e.g., in a range of about 100
nm to about 1000 nm, and a length in a range from about 10
microns to about 10 centimeters. In some embodiments, the
waveguide and the substrate exhibit the aforementioned
linear and nonlinear refractive indices over a range of
wavelengths, which includes the pump wavelength and the
wavelength(s) of triplet photons generated via nonlinear
interaction of the pump photons with the material forming
the waveguide.

In some embodiments, the waveguide is disposed
between a top cladding and the aforementioned substrate.
While in some implementations, the substrate and the top
cladding are formed of the same material, in other embodi-
ments, they can be formed of different materials. In some
embodiments, the device for generating triplet photons may
not include a top cladding.

In some embodiments, the waveguide can have a non-
circular cross-section, e.g., a rectangular, trapezoidal or
square cross-section. In some such embodiments, the wave-
guide includes a bottom surface that is in contact with the
underlying substrate and a top surface that is in contact with
a top cladding.

The waveguide can be configured to provide phase match-
ing between at least one mode suitable for propagating said
pump radiation and at least one mode suitable for propagat-
ing direct triplet entangled photons (herein also referred to
as signal photons) generated via nonlinear interaction of the
pump radiation with the waveguide. For example, as dis-
cussed in more detail below, the material forming the
waveguide and the underlying substrate as well as the
geometry and dimensions of the waveguide can be selected
to obtain such phase matching. By way of example, in some
implementations, the waveguide can have a thickness in a
range of about 100 nm to about 2000 nm and a width in a
range of about 100 nm to about 2000 nm.

In some embodiments, the waveguide is a multi-mode
waveguide that is configured to provide a plurality of modes
for propagation of the pump laser radiation. In some such
embodiments, the waveguide is configured to provide phase
matching between a higher propagating mode of the pump
radiation (i.e., a mode higher than the fundamental TE
and/or TM propagating modes) and at least one mode
suitable for the propagation of direct triplet entangled pho-
tons generated via nonlinear interaction of the pump radia-
tion with the waveguide. The waveguide may also be
configured such that there is a strong overlap between the
modes, leading to a large effective nonlinearity. By way of
example, the waveguide can be dimensioned, e.g., by select-
ing its thickness and width, such that the spatial overlap
between the pump mode and at least one phase-matched
mode of propagating direct triplet entangled photons as
defined by Equation (12) and as represented by the nonlinear
coeflicient in Equation (4) is greater than about 20/W/km. In
other embodiments, the nonlinear coefficient may be greater
than about 40/W/km, or greater than about 100/W/km, or
greater than about 200/W/km, e.g., about 250/W/km.

In some embodiments, the waveguide is substantially
transparent to both the pump and signal radiation wave-
lengths. By way of example, in some embodiments, the
waveguide is substantially transparent to radiation having a
wavelength in a range of about 400 nm to about 2000 nm.
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Some suitable materials for forming the waveguide
include, without limitation, TiO,, silicon nitride, diamond
and silicon carbide. Some suitable materials for forming the
substrate and/or the top cladding can include, without limi-
tation, silica, quartz, MgF,, sapphire, aluminum oxide
(ALO;), zinc oxide (ZnO), SU-8, and cytop. In some
embodiments, low-loss, lattice-matched single crystal rutile
on sapphire films may be used to form the waveguide.

In a related aspect, a device for generating direct
entangled triplet photons is disclosed, which comprises a
waveguide extending from a proximal end adapted to
receive laser radiation from a pump source to a distal end.
The waveguide can support a plurality of propagating
modes, e.g., in the visible and the infrared regions of the
electromagnetic spectrum. In some embodiments, the wave-
guide can exhibit a linear index of refraction equal to or
greater than about 1.8 and a non-linear refractive index equal
to or greater than about 1x10™'° m*/W, where the waveguide
is configured to allow the generation of direct entangled
triplet photons via nonlinear interaction of said pump radia-
tion at a triplet production rate of at least about 10 triplets/
second (e.g., in a range of about 10 to about 10° triplets/
second or in a range of about 1000 to about 10° triplets/
second). In some embodiments, a cladding may be disposed
on at least a portion of an external surface of the waveguide,
where the cladding exhibits a linear index of refraction of
equal to or less than about 1.6. The waveguide can have a
maximum cross-sectional dimension in a range of about 100
nm to about 2000 nm, e.g., in a range of about 100 nm to
about 1000 nm, and a length greater than about 10 microm-
eters (microns). In one example, the length may be in a range
from about 10 microns to about 10 centimeters. In some
embodiments, the waveguide and the cladding exhibit the
aforementioned linear and nonlinear refractive indices over
a range of wavelengths that encompasses the pump and the
signal wavelengths.

In another aspect, a method of generating direct entangled
triplet photons is disclosed, which comprises providing a
waveguide disposed on a substrate, where the waveguide
exhibits a linear index of refraction equal to or greater than
about 1.8 and a non-linear refractive index equal to or
greater than about 1x107'° m*W, said waveguide being
configured to provide phase matching and high modal
overlap so as to enhance effective nonlinearity between at
least one propagating mode of a pump laser radiation and at
least one propagating mode suitable for direct entangled
triplet photons generated via nonlinear interaction of the
pump radiation with the waveguide, and introducing the
pump laser radiation into the waveguide at a sufficient power
so as to effect the generation of direct entangled triplet
photons via third-order nonlinear interaction of the pump
photons with the waveguide, e.g., at a sufficient high rate,
e.g., at a rate of at least 10 triplets/second. By way of
example, the power of said pump laser radiation can be in a
range of about 4 uW (microwatts) to about 20 W (watt). In
embodiments in which pulsed light is employed, relevant
pulse energies can be obtained by the probability that a
triplet is formed during each pulse. By way of example, for
a given device with a 107! conversion efficiency (P,,05) and
a pump wavelength (A) (e.g., 500 nm), the probability that
each pulse generates a triplet requires a pulse energy of
B, .25e=P o he/ (M), where h is Planck’s constant and ¢ is the
speed of light. In this case, operating with a pulse energy of
400 nJ represents a practical pulse energy whereby one
triplet is generated for each pulse, on average. The total
number of triplets per second will be given by the repetition
rate of the pulsed pump light source.
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In another aspect, a device for generating direct entangled
triplet photons is disclosed, which comprises a waveguide
having an input port for receiving a pump laser radiation,
and a resonant cavity optically coupled to said waveguide
for receiving at least a portion of the pump laser radiation
propagating through the waveguide. The resonant cavity is
configured to allow generation of direct triplet entangled
photons (herein also referred to as signal photons or signal
radiation) via nonlinear interaction of the pump radiation
with the material forming the resonant cavity. Some
examples of suitable resonant cavities include ring resona-
tors, spheres, discs, and photonic crystal cavities, among
others. At least a portion of the triplet photons can be
coupled out of the resonator cavity into the waveguide and
exit the waveguide via an output port thereof. In some
embodiments, the resonant cavity comprises a ring resonator
formed on a waveguide, e.g., a ring waveguide, that exhibits
a linear refractive index equal to or greater than about 1.8,
and a nonlinear refractive index equal to or greater than
about 1x107*° m?*/W at least at the pump and signal wave-
lengths. The ring waveguide is preferably substantially
transparent to the pump and signal wavelengths. The wave-
guide and the ring resonator can be disposed on an under-
lying substrate, and further, in some implementations
between an underlying substrate and a top cladding layer. In
some cases, the underlying substrate and/or the top cladding
can exhibit a linear refractive index equal to or less than
about 1.6.

In another aspect, a method of designing a device for
generating direct entangled triplet photons is disclosed. The
method comprises modeling a waveguide adapted to support
at least one propagating visible radiation mode and at least
one propagating infrared radiation mode, calculating wave-
length dispersion characteristics of said at least one visible
and said at least one infrared mode for a plurality of different
values of selected geometric dimensions of said waveguide,
and determining based on said calculated dispersion char-
acteristics whether there is a phase matching condition
between said at least one visible and said at least one
infrared mode for one or more of said values of the geo-
metric dimensions of said waveguide. In some embodi-
ments, said geometric dimensions can be any of a thickness,
a width, etch fraction and side wall angle of said waveguide.
In some embodiments, the method further comprises calcu-
lating spatial modal overlap between said at least one visible
and said at least one infrared mode in a model of said
waveguide dimensioned such that said modes exhibit phase
matching condition.

In another aspect, a device for generating direct entangled
triplet photons is disclosed, comprising a waveguide con-
figured to support at least one propagating visible radiation
mode and at least one propagating infrared radiation mode,
the waveguide having one or more dimensions configured to
achieve a phase matching condition between said at least
one propagating visible radiation mode and said at least one
propagating infrared radiation mode. In some embodiments,
the one or more dimensions of said waveguide are further
configured to achieve modal overlap between said at least
one propagating visible radiation mode and said at least one
propagating infrared radiation mode. In some embodiments,
the modal overlap of said at least one propagating visible
radiation mode and said at least one propagating infrared
radiation mode be characterized by a nonlinear coefficient of
at least about 90/W/km, or at least about 100/W/km, or at
least about 200/W/km, e.g., about 250/W/km. In various
embodiments disclosed herein, the waveguide can comprise
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TiO,. In some embodiments, the modal overlap is charac-
terized by a nonlinear coefficient greater than at least about
20/W/km.

Further understanding of various aspects of the invention
can be obtained by reference to the following detailed
description in conjunction with the associated drawings,
which are described briefly below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically depicts energy diagram for third-
order spontaneous parametric down-conversion. In this pro-
cess a single pump photon spontaneously splits into three
signal photons by way of a virtual state (dashed line).

FIG. 2 shows theoretical spontaneous triplet spectra for a
representative TiO, waveguide with a phase match point at
500 nm when pumped with 500 nm light slightly blue shifted
from the phase match point.

FIGS. 3A, 3B and 3C schematically depict a triplet
photon source according to an embodiment of the present
teachings.

FIG. 4A shows theoretically calculated wavelength dis-
persion of the refractive index of a TiO, waveguide (a single
film having a thickness of 750 nm) as a function of the
waveguide width for a number of different etch depth
fractions.

FIG. 4B shows theoretically calculated wavelength dis-
persion of the refractive index of a TiO, waveguide as a
function of the waveguide width for a number of different
waveguide thicknesses.

FIG. 5A shows simulated mode dispersion of four modes
in an anatase TiO, waveguide having a width of 400 nm, a
thickness of 250 nm, and silica cladding.

FIG. 5B shows dispersion of modes 11 and 12 of the four
modes of FIG. 5A shifted to 3A to visualize the intercepts
between pump and signal modes that provide the perfect
phase-matching points.

FIG. 6A-6D show theoretically calculated intensity pro-
files of modes of the four modes of FIG. 5A: Mode 1 (6A);
Mode 2 (6B); Mode 11 (6C); and Mode 12 (6D) at 450 nm
wavelength.

FIG. 7 shows simulated phase matching wavelengths
between pump modes 11 and 12 and signal modes 1 and 2
as a function of waveguide width. These simulations are of
anatase TiO, waveguides with a thickness of 250 nm sur-
rounded by silica cladding.

FIG. 8 shows exemplary calculated output signal spectra
of triplet photons in which the signal modes s and r are
spectrally distinct from signal mode 1.

FIGS. 9A & 9B schematically depict a device for gener-
ating direct entangled triplet photons in accordance with
another embodiment of the present teachings, which is
implemented as an integrated TOSPDC source on-chip.

FIG. 10 schematically depicts a portion of an on-chip
triplet photon device according to an embodiment of the
present teachings that includes a serpentine waveguide dis-
posed on an underlying substrate.

FIG. 11 schematically depicts an embodiment of a device
according to the present teachings for generating direct
entangled triplet photons.

FIG. 12A-12D show measured THG spectra from wave-
guides fabricated from 250 nm thick polycrystalline anatase
TiO, thin film with widths of 600, 700, 800, and 900 nm.

FIG. 13 shows one example of tuning the waveguide
width to optimize phase matching and modal overlap
between the pump and signal modes.
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FIG. 14 shows multiple scanning electron microscope
images of fabricated TiO, waveguides.

FIG. 15 is an image of a fabricated waveguide taken at 45
degrees to show the aspect ratio.

FIG. 16 shows micro-ring resonators fabricated of poly-
crystalline anatase TiO,.

FIG. 17 shows a sweep of resonances in an integrated
TiO, ring resonator device.

FIG. 18 shows fitting to the normalized transmission of a
resonance in FIG. 17.

DETAILED DESCRIPTION

In some aspects, the present invention is directed to
efficient triplet-photon sources that utilize a high index,
highly nonlinear waveguide that is integrated on-chip. It is
expected that in some embodiments the triplet generation
rate of devices according to the present teachings will be up
to four or six orders of magnitude greater than the rates
achieved by current methods. The high triplet production
rate and customizable spectral properties unique to inte-
grated sources according to the present teachings enable the
first practical direct triplet source for quantum information
applications. As discussed in more detail below, the use of
an integrated waveguide in many embodiments for gener-
ating triplet photons according to the present teachings
provides robust, scalable, and commercializable photon
sources for many emerging applications in quantum infor-
mation.

In some embodiments, a triplet photon source according
to the present teachings includes an integrated (on-chip)
waveguide that is designed to enhance spontaneous splitting
of pump photons via TOSPDC (Third Order SPDC). When
pump photons (e.g., with a wavelength of 500 nm) enter into
the waveguide, the combination of photon energy, materials,
and geometry of the waveguide can greatly enhance the
probability that a pump photon would spontaneously split
into three entangled signal photons forming a triplet (e.g.,
three photons each with a wavelength of 1500 nm). Further,
in some embodiments, using the design criteria discussed
herein, the signal photons can be generated in different
propagating modes, as well as at different wavelengths.
Subsequently, these signal photons can be routed to different
output ports, it desired. These three signal photons share
correlations (i.e. exhibit entanglement). For example, the
total energy of the three signal photons must equal the
energy of the pump photon and the three-photons must be
created simultaneously. Such correlations are the corner-
stone of quantum information applications including quan-
tum communication, quantum cryptography, and quantum
computing.

The term “modal overlap” as used herein refers to a
spatial overlap of two propagating modes within a wave-
guide, defined by Equation (12) below. The term “high
modal overlap” as used herein refers to a modal overlap that
can lead to a nonlinear coefficient greater than at least about
20/W/km.

An integrated triplet-photon source according to the pres-
ent teachings can be a key resource for commercial quantum
information applications and for performing many funda-
mental experiments in quantum optics. The ultra-secure-
communications industry utilizes entangled photon pairs to
transmit encryption keys and detect potential eavesdroppers
over a secure quantum link. An ideal pair source should be
either “on-demand” or have a “heralding” photon (an aux-
iliary photon that is time-correlated with the pair). These
sources can reduce background noise by allowing the user to
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arm their single-photon detectors only when the photon pair
is expected to arrive. In some embodiments, the triplet
sources according to the present teachings can act as a
heralded pair source, producing a pair of photons with a
spectrally separated heralding photon. In addition, a triplet-
photon source according to the present teachings can be a
key component of a multi-party secure quantum network.
Further, triplet photons sources according to the present
teachings can be used in photonics-based quantum comput-
ers. Further, in some embodiments, the on-chip triplet pho-
tons sources according to the present teachings can be
directly integrated with other quantum circuit elements.
Theory of TOSPDC

The generation of photon triplets via third-order sponta-
neous parametric down-conversion (TOSPDC) utilizes the
third-order polarization (%) to generate entangled triplets
that may be used for quantum information applications. In
this process, a single “pump” photon is spontaneously
annihilated and splits into three “signal” photons by way of
a virtual state, as shown schematically in FIG. 1.

To differentiate these three photons, they are labeled as
signal 1 (s), signal 2 (7), and idler (i). These photons obey
energy conservation given by:

ey
where fiw,, is the energy of the pump photon (with a similar
notation for signal photons). Analogous to second harmonic
generation, momentum must be conserved for efficient con-
version. Using equation 1, momentum conservation is
described using:

fw,~hoho,+ho;,

Nl 0,5 07, (0,) (0,1, (0,) K (0,-0,-0, )+
(DNL

@

where,

Ak,.,, is the wavevector mismatch, k,(w,), k(w,), k.(o,),
k(w,-0,~m,) are the momentum of the pump, signal (s),
signal (r), and idler (i) photons (respectively) within the
waveguide, w=w,~m~w,, and @, is the nonlinear phase.
For a particular frequency, this is related to the effective
index, n, through k=wn/c, where ¢ is the speed of light.

The rate of triplet generation for a continuous wave pump
is given by:

_ 2232h03n2L2y2P (3

o = 2,2
nwp

L
fdw,fdwxh(wr, Wy, Wp — Wy — a)x)sinc2 EAkCW(wr, wx)].

In this expression, 7 is the reduced Planck’s constant, ¢ is
the speed of light, n,, is the effective refractive index for the
pump radiation, L is the length of the device, P is the power,
®,, is the pump frequency, v is the nonlinear coefficient, a
figure of merit for the strength of the nonlinear process,
defined by the following equation,

)

3 w0
v= deociniA gy’
and:

Koo, Ko, Koo )
hw,, W, ;) = —— —— ——.
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For these expressions, A, is the effective area, defined
further below, and k' denotes the first derivative with respect
to w.

The nonlinear phase can be defined as follows:

Dnr=[1p =2tV ps ) 1P (6)

where each y is defined according to the above Equation
(4) with v, corresponding to the pump mode and v,,,, v,,., and
Y, take into account, respectively, the overlap of the pump
mode with the signal (1), signal (2) and the idler photons.

The above theory illustrates that reasonable efficiencies
for the production of direct entangled triple photons can be
achieved for vanishing values of wavevector mismatch Ak,
(i.e., Ak, ~0), a condition known as “phase matching.” The
phase matching permits constructive interference of gener-
ated photons over long interaction lengths. For common
optical materials, the index of refraction is strongly wave-
length dependent, being higher at typical pump wavelengths
(at visible frequencies) and lower at signal frequencies (at
near-infrared frequencies), creating large values of Ak,
thus drastically reducing the number of triplet photons that
can be generated.

To achieve phase matching, in some embodiments
according to the present teachings a waveguide that has a
large refractive index contrast between a core and a cladding
(e.g., a difference of about 0.2 or greater) can be employed
to create a multimode waveguide at the pump (e.g., visible
radiation) wavelength. The fundamental transverse-electric-
like (TE) and transverse-magnetic-like (TM) modes can
extend to signal (e.g., near-infrared) radiation wavelengths,
meanwhile there can be several higher-order modes (HOM)
at the pump wavelength, which can propagate with the
reduced momentum necessary to phase match pump photons
to signal photons. As discussed in more detail below, in
some embodiments, such higher-order modes of the pump
laser radiation are utilized to obtain phase matching for
efficient generation of direct entangled triplet photons.

The y parameter in the above Equation 4 shows that the
rate of triplet production depends strongly on the intrinsic
%®-nonlinearity of the material in which the triplet photons
are generated (herein also referred to as the core material) as
well as the effective area A In particular, an increase in the
intrinsic y®-nonlinearity of the material results in an
increase in the triplet photon production rate. Further, an
increase in a difference between the refractive optical index
of the core material and a cladding material surrounding the
core material leads to smaller effective areas, A, which
enhances production rates.

For producing triplet photons in silica fibers (Si0,), the
nonlinear coefficient may be about 19/W/km. Various
embodiments disclosed herein may utilize TiO,, which has
enhanced nonlinearity compared with silica fibers (%@ of
Ti02~30x%® of Si02) and exhibits stronger light confine-
ment in waveguides due to a higher core/cladding index
difference. In one example, this results in about 10 times
more confinement. This can lead to an increase in triplet
generation of a factor of 1000 in TiO, waveguides as
compared to silica fibers. Therefore, the nonlinear coeffi-
cient y may be used as a figure of merit for the generation
of triplet photons in various embodiments disclosed herein.
Various embodiments disclosed herein may achieve y>19/
W/km, which exceeds the ideal nonlinearity of SiO, for this
process. In some embodiments configured according to
teachings disclosed herein, y may be greater than about
90/W/km, for example, y may be about 250/W/km.

Applicants have also discovered that the signal-frequency
spread can be highly sensitive to small changes in the pump
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frequency. By way of example, FIG. 2 shows theoretically
calculated spectra of spontaneous triplet photons generated
in a TiO, when phase matching conditions are met. These
spectra show that a small variation in the wavelength of the
pump photons can drastically change the span of wave-
lengths in the triplet photons signal. This sensitivity of the
signal spectrum on the stability of the pump wavelength
places strict demands on the stability of the pump wave-
length.

The various terms and phrases are herein employed
consistent with their ordinary meaning in the art. For addi-
tional clarity, the following terms are described below:

The coefficient of absorption of a material can be defined
as follows:

P(z)=P(0)e*, Equation (7)

wherein,

a denotes the coefficient of absorption (herein also
referred to as the absorption coefficient),

P(0) denotes input radiation power introduced into the
material,

P(z) denotes the radiation power after the passage of the
radiation through a length (z) of the material. In addition,
scattering losses can diminish the power of the pump or
signal radiation propagating through a material. The coef-
ficient of scattering loss can be defined in a similar manner
as shown in Equation (7).

A material is “substantially transparent” to a radiation
wavelength, as used herein, if it exhibits a maximum absorp-
tion coefficient, as defined by Equation (7) above, at that
wavelength in a range of about 500,000 m™" to 50,000 m™*
(about 2000 to about 20000 dB/cm), and preferably an
absorption coeflicient less than about 50 m™ (2 dB/cm).

The linear refractive index (n) (herein also referred to as
linear refractive optical index or linear index of refraction)
of'a material can be defined as the ratio of the speed of light
(¢) in vacuum relative to the speed of light in that material

(v):

n(f) = % Equation (8)

The linear refractive index of a material is generally a
function of the radiation frequency.

The “nonlinear refractive index” (herein also referred to
as the “nonlinear optical refractive index”) of a material (n,)
is defined as:

3@ Equation (9)

Ry =
4ngege

where,

n, denotes the nonlinear refractive index,

% is the third-order non-linear optical susceptibility,

n, denotes the linear refractive index,

€, is the permittivity of free space,

and c is the speed of light in vacuum.

The terms “about” and “approximately” are used herein
interchangeably and are intended to indicate a variation of at
most about +/-5 percent of a numerical value.

FIGS. 3A, 3B, and 3C schematically depict a device 100
according to an embodiment of the present teachings for
generating direct entangled triple photons, which includes a
waveguide 102 that is disposed on an underlying substrate
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104. In this embodiment, the waveguide 102 has a substan-
tially rectangular (e.g., trapezoidal) cross-sectional profile
(in a plane perpendicular to the direction of propagation) and
includes a lower surface 102a that is in contact with the
substrate 104, and an upper surface 1025 over which a top
cladding layer 106 is disposed. In this embodiment, the
sidewall angle of the waveguide, i.e., the angle between the
sidewall of the waveguide and the bottom surface of the
waveguide is about 75 degrees, though in other embodi-
ments different sidewall angles can be employed. While in
some implementations, the material forming the top clad-
ding 106 is the same as the material forming the substrate,
in other implementations, the substrate 104 and the top
cladding 106 can comprise different materials. As discussed
in more detail below, each of the substrate and the top
cladding exhibits an index of refraction that is less than the
index of the refraction of the material forming the wave-
guide.

The waveguide 102 includes a proximal end 102¢ that is
adapted to receive laser radiation (pump photons) 108 from
a laser source 110. The laser source 110 can be a continuous
or a pulsed source. Some suitable examples of the laser
source 110 include, without limitation, laser diodes, ther-
mally-tuned laser diodes, optically pumped solid state lasers,
dye lasers, optical parametric amplifiers, optical parametric
oscillators, as well as frequency converted versions of these
lasers, e.g., doubled via second harmonic generation. In
some embodiments, the laser source 110 can generate pump
laser radiation with an average power, e.g., in a range of
about 1 mW to about 10 W.

In this embodiment, an input coupler 112, e.g., an SU-8
polymer coupling pad, facilitates the introduction of the
pump photons into the waveguide 102. The waveguide 102
extends from the proximal end 102¢ to a distal end 1024
through which direct entangled triplet-photons, which are
generated via non-linear interaction of the pump photons
with the material forming the waveguide 102 as discussed in
more detail below, exit the waveguide. In this embodiment,
an output coupler 114 (e.g., an SU-8 pad) facilitates the
egress of the triplet photons from the waveguide, e.g., into
downstream components. In some embodiments, the device
100 may further include one or more photon detectors. For
example, the device 100 may include a plurality of super-
conducting nanowire single photon detectors integrated on
chip. For example, as demonstrated by Faraz Najafi et al.
“Membrane-integrated superconducting nanowire single-
photon detectors” CLEO 2013, which is herein incorporated
by reference in its entirety, superconducting nanowire
single-photon detectors can be integrated on sub-400-nm-
thick silicon nitride membranes, which can then be trans-
ferred and aligned to photonic structures on a secondary chip
with sub-micron placement accuracy.

The waveguide 102 can be implemented in a variety of
different shapes, e.g., S or serpentine shape. Specifically, in
this embodiment, the waveguide 102 includes a bend to
ensure that the input beam is not aligned with the output face
of the waveguide so as to enhance the signal-to-noise ratio.

In this embodiment, the waveguide 102 is formed of a
material that exhibits a linear refractive index (n,,,yeg.000)
that is equal to or greater than about 1.8 for at least the
wavelength of the pump and signal (i.e., triplet) photons, and
preferably over a wavelength range that includes the wave-
length of the pump and signal photons. By way of example,
the linear refractive index of the waveguide can be greater
than about 1.8, e.g., in a range of about 1.8 and 4.2, for
wavelengths in a range of about 200 nm to about 2500 nm.
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The linear refractive index of the material forming sub-
strate 104 (1,,,,,,...) 15 significantly less than the linear
refractive index of the waveguide. By way of example, in
this embodiment, the linear refractive index of the substrate
can be equal to or less than 1.6 for at least the wavelengths
of the pump and signal photons, and preferably over a
wavelength range in which the linear refractive index of the
waveguide is at least about 1.8. By way of example, the
linear refractive index of the material forming the substrate
can be equal to or less than about 1.6 (e.g., in a range of
about 1 to about 1.6) for wavelengths in a range of about 200
nm to about 2000 nm.

Similarly, the linear refractive index of the material form-
ing the top cladding layer 106 can be significantly less than
the linear refractive index of the waveguide. For example,
the linear refractive index of the top cladding can be equal
to or less than about 1.6 for at least the wavelengths of the
pump and signal photons, and preferably over a wavelength
range in which the linear refractive index of the waveguide
is at least about 1.8

Moreover, the material forming the waveguide 102 exhib-
its a high third-order optical nonlinearity. For example, the
material forming the waveguide can exhibit a high y®-
optical nonlinearity corresponding to a nonlinear refractive
index (n,) that is equal to or greater than about 1x107*°
m*/W, e.g., in a range of about 1x107*° m*W to about
3x1077 m*/W.

Further, in this embodiment, the material forming the
waveguide 102 is substantially transparent at both the pump
and the signal radiation wavelengths. For example, the
material can exhibit a coefficient of absorption of less than
about 50 m™ at the pump and the signal wavelengths. By
way of example, in some implementations, the waveguide
102 is preferably substantially transparent to radiation wave-
lengths from ultraviolet (A=400 nm) to telecommunications
wavelengths (800-1600 nm) or longer. For example, the
waveguide 102 can be substantially transparent to radiation
wavelengths in a range of about 400 nm to about 2500 nm,
e.g., in a range of about 500 nm to about 1600 nm.

The total loss (absorption plus scattering) of the wave-
guide 102 at the pump and signal wavelengths can determine
the optimal device length for achieving maximum rate of
triplet photons generation. In some implementations, such a
device length (L, .) is given by:

Equation (10)

where,

0., is the coeflicient of absorption plus scattering losses at
the pump wavelength in the mode phase matched with one
or more signal modes (e.g., in a higher-order propagating
mode), and « is the absorptive plus scattering losses at the
signal wavelength.

In various embodiments, materials may be optimized to
reduce background noise. For example, it has been discov-
ered based on photoluminescence tests that various materials
used in devices disclosed herein revealed no sign of fluo-
rescence signal above detector noise. This ensures that the
photon triplet sources produce very low background IR
noise. Thus, losses may be minimized so as to provide
efficient devices. Further, nonlinearities may also be mea-
sured over a broad range of wavelengths and may be used to
predict and understand device performance.
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As noted above, in this embodiment, the waveguide 102
has a substantially rectangular cross-sectional profile with a
maximum linear cross-sectional dimension (e.g., a diagonal
dimension) in a range of about 100 nm to about 2000 nm.
Further, the waveguide 102 can have a length (1) in a range
of'about 10 micrometers (um) to about 10 centimeters (cm).
Further, the waveguide 102 can have a thickness (t) in a
range of about 100 nm to about 2000 nm, and a width (w)
in a range of about 100 nm to about 2000 nm. As discussed
in more detail below, the cross-sectional profile of the
waveguide 102 and its dimensions can be selected so as to
optimize the production of direct entangled triplet photons,
e.g., by ensuring that the requisite phase matching criteria
are met.

While in this embodiment, the waveguide 102 has a
substantially rectangular cross-sectional profile, in other
embodiments, other cross-sectional profiles, e.g., square,
can be utilized.

In this embodiment, the waveguide 102 is formed of
titania (Ti0,) and the substrate 104 and the top cladding 106
are both formed of silica (SiO,). For example, the wave-
guide 102 can be formed from a polycrystalline anatase TiO,
thin film deposited on the substrate 104, e.g., in a manner
discussed below. In other embodiments, the materials form-
ing the waveguide can include, without limitation, silicon
nitride, diamond, Chalcogenide glasses, sapphire, TeO,, and
ZnO. Further, in other embodiments, the materials forming
the substrate and/or the top cladding can include, without
limitation, magnesium fluoride (MgF,), quartz, sapphire,
SU-8, a fluoropolymer known as cytop, aluminum oxide
(Al,0;), and zinc oxide (ZnO). Further, in some embodi-
ments, the top cladding can be air or vacuum. Applicants
have discovered unexpectedly that TiO, can be a particularly
suitable material for forming the waveguide.

In use, pump photons generated by the laser source 110,
e.g., a source generating lasing radiation at a wavelength of
500 nm, is coupled into the waveguide 102. In some
embodiments, the waveguide 102 is designed so as to
provide a phase matching condition between one or more
high order modes of the pump laser radiation introduced into
the waveguide and one or more modes suitable for the
propagation of triplet photons generated via nonlinear inter-
action of the pump radiation with the waveguide material. In
particular, as discussed in more detail below, the dimensions
of the waveguide can be selected such that the effective
refractive indices of the waveguide at the pump wavelength
and at the signal wavelength(s) (i.e., the wavelength of the
triplet photons) would lead to the phase matching condition
required for efficient generation of the triplet photons.

As noted above, the signal-frequency spread can be
highly sensitive to fluctuations in the pump wavelength. An
expansion parameter of the signal can be defined as the
spread in signal wavelengths over the shift in pump wave-
length from the perfectly phase-matched point. The expan-
sion parameter can be highly dependent on the dispersion of
the waveguide. For the simplest case of a pump photon
splitting into three signal photons in the same mode, the
full-width half-maximum of the signal wavelength is given
by:

Equation (11)

4k 0w,)
T

Acwg

where,
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Aw, is the theoretical full width at half maximum
(FWHM) of the signal wavelength, Ak ' is the group
velocity mismatch between the pump and the signal, Aw,, is
the pump mismatch from the point of perfect phase match-
ing, and k" is the signal group velocity dispersion.

The above Equation (11) shows that for a finite offset in
the pump wavelength, minimizing the group velocity mis-
match and maximizing the group velocity dispersion can
limit the expansion of the signal spectrum. As discussed in
more detail below, this can be accomplished by manipulat-
ing the size, shape, and relative dimensions of the wave-
guide in which triplet photons are generated. In particular,
fabricating waveguides on-chip in accordance with the pres-
ent teachings provides access to additional degrees of free-
dom in waveguide dimensions and shape critical to disper-
sion engineering.

More specifically, the wavelength dispersion of the refrac-
tive index of the waveguide 10 can depend on a number of
parameters, such as the thickness, the width, and the etch
depth fraction of the waveguide. As shown in FIG. 3C, the
etch depth fraction of the waveguide refers to the ratio of
etch to thickness of the waveguide. By way of example, FIG.
4 A shows theoretically calculated wavelength dispersion of
the refractive index of a TiO, waveguide as a function of the
waveguide width for a number of different etch depth
fractions. FIG. 4B shows the theoretically calculated wave-
length dispersion of the refractive index of a TiO, wave-
guide as a function of the waveguide width for a number of
different waveguide thicknesses. Such dependencies of the
effective refractive index of the waveguide can be employed
to ensure that the phase matching condition is achieved for
a given pump wavelength and one or more signal wave-
lengths (i.e., one or more wavelengths associated with the
simultaneously generated triplet photons).

For example, one or more of these parameters can be
adjusted so as to obtain a match between an effective
refractive index of at least one propagating mode of the
pump radiation through the waveguide, which can in many
cases be a higher propagating mode, and an effective refrac-
tive index of at least one waveguide mode in which the
signal photons (i.e., the simultaneously generated triplet
photons) can propagate. The effective refractive index of a
waveguide mode (n,,) can be defined as

peraf2)

where 3 denotes the phase change per unit length associated
with radiation propagating in that mode and A is the radia-
tion wavelength. In general, the effective refractive index is
a complex quantity that varies from one mode to another,
and can depend on a number of factors, such as the intrinsic
refractive indices of the waveguide’s core and cladding and
the spatial distribution of the fields associated with a mode.

By way of example, FIG. 5A shows simulated mode
dispersion of four modes in an anatase TiO, waveguide
having a width of 400 nm, a thickness of 250 nm, and silica
cladding. The intensity profiles of these four modes are
shown in FIG. 6A-6D. FIG. 5B shows the data in FIG. SA
with dispersion modes 11 and 12 shifted to 3A to visualize
the intercepts between pump and signal modes that provide
the perfect phase-matching points (522.4 nm between modes
11 and 1; 507.3 nm between modes 12 and 1; 547 nm
between modes 11 and 2; and 544.4 nm between modes 12
and 2). Table 1 below shows phase matched modes and
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corresponding pump wavelength and TE polarization frac-
tion and effective nonlinearity calculated using the modal
fields.

TABLE 1

Phase matched modes and corresponding pump
wavelength and TE polarization fraction.

Phase Matching Points

Pump Mode 11 12 11 12
Pump TE fraction 17% 89% 17% 89%
Signal Mode 1 1 2 2
Signal TE fraction 99% 99% 0.30% 0.30%
Phase matched pump 522 507 547 544
wavelength (nm)

Nonlinear Coefficient 7 38 2 6

(W™ km™)

By way of further illustration, FIG. 7 shows simulated
phase matching wavelengths between pump modes 11 and
12 and signal modes 1 and 2 as a function of the waveguide
width.

In many embodiments, a high conversion efficiency of
pump photons into triplet photons requires both phase
matching and good modal overlap. In the above example,
the phase matching between modes 1 and 12, and between
modes 2 and 11 and their respective effective nonlinearities
(modal overlap) can ensure that a good conversion efficiency
can be achieved by, e.g., introducing the pump photons via
mode 12 and generating signal photons in mode 1 and/or
introducing the pump photons via mode 11 and generating
signal photons in mode 2. Improving the nonlinear coeffi-
cient value for the interaction can further enhance the
efficiency of the TOSPDC process.

The degree of modal overlap can be estimated, for
example, by using the overlap function described in Equa-
tion (12) below and can be used to calculate the effective
nonlinearity of the TOSPDC interaction for each combina-
tion of modes.

The four-field overlap n,;, can be expressed as:

Equation (12)

1

Mijid = ————
T Agrai

f f EOEY" P EP dxdy

- \/fflE(S)lzdxdyfflE(P)|2dxdyff|E(P)|2dxdyff |EP|dxdy

where 1, j, k, I={x, y, z} and the superscripts s and p refer to
the pump and signal E-fields, respectively. The effective area
corresponds to the inverse of the overlap, and can be used in
the definition of the nonlinear coefficient v, given in Equa-
tion (4).

In various embodiments, waveguides may be designed to
achieve the highest possible conversion efficiency from
visible pump photons to infrared photon triplets. The design
can depend on the choice of materials in the device, includ-
ing for example the bottom cladding, top cladding, and core
material of the waveguide. Dimensions and geometry of the
device are parameters that can be changed to optimize the
device, including for example the waveguide top width,
thickness, etch fraction, and sidewall angle, as seen for
example in FIG. 3C. The sidewall angle may be defined as
the angle between the substrate surface and the side wall of
the waveguide.
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As noted above, due to the sensitivity of the output
triplet-photon spectrum to changes in pump wavelength
relative to the phase-matching points, devices according to
the present teachings are designed and “matched” to a pump
laser source. For example, mode-solving simulation soft-
ware can be employed to implement the present teachings
for designing the geometry and dimensions of a nonlinear
waveguide in which the triplet-photons are produced. By
way of example, a simulation software marketed by the
tradename MODE Solutions by Lumerical Solutions, Inc. of
Vancouver, Canada can be utilized to design, analyze and
optimize waveguide structures according to the present
teachings. One feature of this software is an Eigenmode
Solver, which calculates the physical properties of guided
modes in arbitrary waveguides using Maxwell’s equations
on a cross-sectional mesh of the waveguides. Meshing the
waveguide geometry is accomplished using a finite differ-
ence algorithm. Maxwell’s equations then become a matrix
eigenvalue problem, which can be solved using sparse
matrix techniques to obtain the effective index and mode
profiles of the waveguide modes.

In some embodiments, for additional accuracy, the optical
properties of a film of non-linear material that will be used
for waveguide fabrication can be measured and this data can
be used in the simulation. By way of example, such optical
properties can be the refractive index of the material forming
the waveguide, the dispersion exhibited by the refractive
index, etc. This allows fabrication of waveguides with a
specific set of dimensions and expected phase-matching
point(s).

Accordingly, in some embodiments, simulation software
may be used to determine the optimal waveguide dimen-
sions for a given choice of device materials. For example,
the Eigenmode Solver described above may be used to
calculate the properties of guided modes (for example,
effective index, group velocity, dispersion, and mode pro-
file) at visible, A, and infrared, 3}, wavelengths. Math-
ematical software, such as MATLAB by The Mathworks,
Inc., may be used to calculate the modal overlap using the
visible and infrared mode profiles of each possible pair of
modes at their phase matching point, e.g. using Equation
(12) above. Utilizing information about the material’s non-
linear index, n,, the effective nonlinearity, y, may be calcu-
lated. In some embodiments, waveguide dimensions are
chosen such that at least one visible mode (at A,) is phase
matched with an infrared mode (at 3A,) with high effective
nonlinearity (e.g. greater than 50/W/km in TiO, wave-
guides).

In some embodiments, a method for designing a wave-
guide for generating direct ftriplet entangled photons
includes modeling a waveguide dimensioned to support one
or more propagating modes in the visible portion of the
electromagnetic spectrum, e.g. in a wavelength range from
about 400 nm to about 700 nm, and one or more propagating
modes in the infrared portion of the electromagnetic spec-
trum. e.g. in a range from about 800 nm to about 1500 nm.
The method further includes calculating wavelength disper-
sion curves of the visible and the infrared modes for a
plurality of values of one or more geometric dimensions or
parameters of the waveguide. Mathematical software, such
as eigenmode solver by Lumerical MODE Solutions and
MATLAB, may be used for such calculations. The method
may further include identifying, based on the calculated
dispersion, one or more geometric dimensions or parameters
of the waveguide that result in phase matching between the
visible and infrared modes. In some embodiments, the
method may further include calculating modal overlap char-
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acteristic, such as a nonlinearity coefficient for the modes,
for a plurality of values of one or more geometric dimen-
sions or parameters of the waveguide. The method may
include identifying, based on the calculated dispersion char-
acteristic and the modal overlap characteristic, one or more
geometric dimensions or parameters of the waveguide that
result in both phase matching and high modal overlap
between the visible and infrared modes.

Implementation of the design of a triplet photon-gener-
ating device may use several techniques. In some embodi-
ments, after fabrication, third harmonic generation (THG)
using either a tunable or broadband mid-infrared source can
be used to obtain accurate information about the wavelength
of'the phase matching points. A tunable visible laser or diode
laser with wavelength directly on the phase match points can
then be used to pump the device and efficiently generate a
narrow spectrum of triplet photons. For example, FIGS.
12A-12D, which are described further below, show mea-
sured THG spectra from fabricated waveguides. Alterna-
tively, many waveguides can be fabricated on the same chip
with slightly different dimensions (for example, top widths).
The waveguide with a phase matching point that matches the
wavelength of the available visible pump laser may be
utilized. This allows use of higher power visible lasers
which tend to have a fixed wavelength.

THG is the inverse process of down-conversion and relies
on the same nonlinearities and is subject to the same
restrictions in order to achieve high conversion efficiency.
The impact of modal overlap on third order spontaneous
parametric down-conversion (TOSPDC) may be investi-
gated by using data from third harmonic generation (THG),
for example, in TiO, waveguides. THG and TOSPDC rely
on the % nonlinearity in the medium. Most % tensor
elements in materials are zero. Applicants have found that
the modal overlap needs to be calculated only for the field
components which will excite each non-zero y‘® tensor
element, rather than the total modal fields.

For example, the nonlinear field excited by the x®

— — > —
nonlinearity is given by Ey,=Cy®’E; E, E,, where E,, E,,
and E; are the incident fields and E,; is the excited field. The
conversion efficiency of the nonlinear process is determined
largely by the overlap between the incident and excited

fields. For anatase TiO,, the only nonzero tensor elements

3 3 3 3 3 3 3
are %P AP v X e A s X s XD s K

p AR ¥ )Hyy, and all permutations of these indices. The

only overlap calculations that need to be completed corre-

—> —> —> —>
spond to these indices, i.e. [JE ; E,, E; E dxdy for & ___
—> —> —> —> 3

and [[B,; B, E,; E ,dxdy for %, and so forth. For a
material that is polycrystalline with grains less than about
Y10 of the incident wavelength in size and oriented randomly,
the contribution of each nonlinear tensor element will be
equivalent due to symmetry conditions. Further, for amor-
phous and isotropic materials, e.g., ones where the grains are
less than about Y10 of the wavelength, the tensor can be
treated as effectively diagonal, e.g., only xxxx, yyyy, and
777z terms can be considered. This theory can be applied to
other polycrystalline, oriented polycrystalline, single crys-
tal, and amorphous materials. Proper considerations of the
symmetry conditions, alignment of the crystal, alignment of
the modal fields, and non-zero tensor elements can be made.
In some embodiments, this technique may be used to
achieve good agreement between predicted phase matching
points and THG observed in devices that are fabricated. The
same methods will hold true for similar ¥® nonlinear
process (i.e. THG and TOSPDC).
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Unlike third harmonic generation (THG), third-order
spontaneous parametric down-conversion (TOSPDC) will
occur if the pump wavelength is offset slightly from the
phase match point. This results in generation of a broader
spectrum of infrared photons. Due to the constraints of
energy conservation and phase matching, the phase mis-
match (An,=n,;,—n,, ) must be positive if the dispersion
of the signal (infrared) mode is normal and negative if the
dispersion of the signal (infrared) mode is anomalous.

Accordingly, in various embodiments, a device design
method based on the theory of phase matching, energy
conservation, and modal overlap may be created to drive the
fabrication of triplet photon generating devices. For
example, the method may employ mathematical software
(e.g. an eigenmode solver by Lumerical MODE Solutions
and MATLAB) to determine waveguide dimensions that
have phase matching points in the wavelength range of
visible pump lasers with high effective nonlinearity. Based
on the dispersion of the modes involved in phase matching,
the rate at which the signal spectrum broadens if the wave-
guide dimensions are off from the design due to fabrication
variations may be estimated.

In some embodiments, the triplet photons, namely, signal
1(s), signal 2 (), and idler (i) photons can be generated in
one propagating mode, that is, the phase matching condition
is degenerate. In other embodiments, these triplet photons
can be generated in 2 or 3 modes. By way of example, signal
1(s) and signal 2 (») photons can be generated in one
propagating mode and the idler (i) photon can be generated
in a different propagating mode. The generation of the triplet
photons in different modes, e.g., characterized by different
polarizations, can allow spectrally separating them. By way
of example, in some embodiments, the individual triplet
photons can be separated after exiting the waveguide by
using, e.g., polarization optics, and dichroic mirrors. The
spectral separation of the triplet photons can enable the
heralding of the photon pairs. In some embodiments, by
dispersion engineering sets of 3 or 4 modes (e.g., 1 for pump
photons and 2 or 3 for the signal photons) in accordance with
the present teachings, spectrally separate output photons can
be produced. Different signal photons within the same triplet
can then be sent along separate paths, even within the
device.

In some embodiments, a triplet photon source according
to the present teachings can be configured, e.g., via modal
and dispersion engineering of its waveguide, to produce
heralded photon pairs. The output signal of such a source can
be separated into two or more modes that are spectrally
distinct from one another. In some embodiment, this can be
achieved by providing phase matching between the pump
and the signal in two modes with different dispersion param-
eters. The larger the difference in dispersion parameters
between the signal modes, the greater will be the spectral
separation of signal photons propagating in those modes. A
wavelength dependent coupler, for example, can be
employed in an integrated photonic device to separate these
signal modes.

By way of illustration, FIG. 8 shows simulated signal
wavelengths in two different signal modes 1 and 2 discussed
above in connection with a TiO, waveguide having a 400-
nm width and a 250-nm thickness and a silica cladding.
Phase matching is achieved near 520 nm with the pump
mode 12 with signal photons generated in modes 1 and 2.
The wavelength separation of the signal photons generated
in these two modes can be utilized to separate the photons
in these two modes after they exit the waveguide.
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FIGS. 9A and 9B schematically depict a device 200 for
generating direct entangled triplet photons in accordance
with another embodiment of the present teachings, which is
implemented as an integrated TOSPDC source on-chip. The
device 200 includes an underlying SiO, substrate 201 on
which various components of the device are disposed and a
top cladding 202. An input coupler 203, e.g., an (SU-8)
polymer coupling pad, receives laser radiation from a laser
pump source (not shown) and couples that laser radiation to
a single-mode TiO, waveguide 204. The device further
includes a multi-mode TiO, waveguide 206 that can support
higher order modes of the pump radiation, and is optically
coupled to the single mode waveguide 204 via a SM-MM
(single-mode/multi-mode) coupler 208. At least a portion of
the pump radiation propagating through the single-mode
TiO, waveguide is coupled by the SM-MM coupler 208 (via
evanescent optical coupling) to the multi-mode TiO, wave-
guide, where some of that radiation excites one or more
higher-order propagating modes of the multi-mode wave-
guide. The remainder of the pump radiation propagating
through the single-mode waveguides is captured by the
pump-light dump-port 210.

Similar to the previous embodiment, the multi-mode
waveguide 206 is configured, e.g., in a manner discussed
above, to provide phase matching between one or more
HOM pump modes and one or more signal modes that can
support direct triplet photons that are generated as a result of
third-order non-linear interaction of pump radiation with
TiO, forming the waveguide. The triplet signal photons
propagate along the multi-mode waveguide to enter a
tapered section 206a of the waveguide, which facilitates the
coupling of the signal photons into an output coupler 212,
e.g., an SU-8 pad, through which the triplet photons can exit
the device via an output facet 214. In some embodiments,
the multi-mode waveguide 206 includes an input port 2065
that can be employed, e.g., for signal alignment after the
chip.

The nonlinear waveguides for generating direct entangled
triplet photons according to the present teachings can have
a variety of shapes. By way of further illustration, FIG. 10
schematically shows a portion of an on-chip triplet photon
device according to an embodiment of the present teachings
that includes a serpentine waveguide 300 disposed on an
underlying substrate 301. Similar to the previous embodi-
ments, the waveguide 300 and the substrate 301 are config-
ured in a manner discussed above to allow the generation of
direct entangled triplet photons in response to the introduc-
tion of a pump laser radiation into the waveguide.

In some embodiments, resonant cavities are employed to
control and/or enhance the production of direct entangled
triplet photons. For example, micro-ring resonators can be
employed to control the output spectrum of the triplet
photons. For example, micro-ring resonators can be formed
of TiO,, e.g., by employing the fabrication methods dis-
closed in “Integrated TiO, resonators for visible photonics,”
published in Opt. Lett. 37, 539-541 (2012).

Ring resonators are a building block for integrated optical
devices. Theoretical and experimental results have shown
enhancement in second and third-harmonic generation in
several photonic material platforms. Enhancement and sup-
pression of spontaneous parametric down-conversion has
been studied in free space cavities and integrated photonic
crystal cavities. Cavities have also been used to control the
output spectrum of nonlinear photonic devices.

In some embodiments, the output spectrum of the device
can be “squeezed” into the modes of the resonant cavity
without lowering the total conversion efficiency. A micro-
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ring cavity can be used to improve the conversion efficiency
of a TOSPDC photon triplet source by a few additional
orders of magnitude while also narrowing and controlling
the output spectrum within the confines dictated by phase-
matching conditions.

FIG. 11 schematically depicts an embodiment of a device
400 according to the present teachings for generating direct
entangled triplet photons. The device 400 includes the same
components as those described above in connection with the
above device 200, and in addition, it further includes a ring
resonator 401 (herein also referred to as a micro-ring reso-
nator) formed of TiO, that is disposed on the underlying
substrate 201 and underneath the top cladding 201. The ring
resonator 401 is formed of a ring waveguide 401a, which
can have a cross-sectional area, e.g., width in a range of
about 100 nm to about 2000 nm, and a thickness in a range
of about 100 nm to about 2000 nm. In some implementa-
tions, the circumferential length of the ring resonator can be
in a range of about 5 microns to about 20 mm.

The ring resonator 401 is optically coupled to the multi-
mode waveguide 206 in a coupling region 402, e.g., via
evanescent wave coupling. The optical coupling between the
waveguide 206 and the ring resonator 401 allows for cou-
pling of at least a portion of the pump photons into the ring
resonator. The waveguide 401a of the ring resonator is
configured in accordance with the present teachings to
provide phase matching between one or more propagating
modes of the pump photons and one or more modes in which
signal photons can propagate. At least a portion of the
entangled triplet photons generated within the ring wave-
guide 401 can couple to the waveguide 206 to exit that
waveguide via the output facet 214.

The ring resonator 401 can enhance and/or shape the
spectrum of the generated triplet photons. For example, the
multiple passage of the pump photons around the ring
waveguide 401a can enhance the production of the triplet
photons. Further, in some embodiments, interference per-
mits the propagation of only a finite number of whispering
gallery modes in a select set of frequencies in the ring
waveguide 401, thus dictating that the photons propagating
through the ring be restricted to these available modes. This
can, in turn, narrow the output spectrum of triplet photons
generated via a TOSPDC process. Hence, a micro-ring
waveguide can be an integral component for shaping the
output spectrum of an entangled triplet photon source
according to the present teachings.

The following Examples are provided only for further
illustration of the various aspects of the present teachings
and the feasibility of their implementation and are not
necessarily intended to indicate optimal ways of practicing
the invention and/or optimal results that can be obtained.

EXAMPLE 1

Submicrometer-wide waveguides were fabricated from
250-nm thick amorphous and anatase TiO, thin films, which
were deposited on oxidized silicon substrates (3.2-micron
thick Si0,) at a substrate temperature of 290 K for amor-
phous TiO, and 625 K for anatase TiO, using reactive radio
frequency (RF) magnetron sputtering. The oxygen flow rates
and RF powers were adjusted to obtain stoichiometric,
highly transparent TiO, thin films. The waveguide pattern
was exposed into a 300-nm-thick positive electron-beam
(e-beam) resist layer (ZEP-520a) on top of the TiO, film
using a 125-keV electron-beam lithography system. The
applied e-beam parameters included a 300x300 um?> write
window, a beam current of 500 pA, and a dose of 400-600
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uC/em?. After developing the exposed resist, a 50-nm-thick
chromium film was deposited by e-beam evaporation and
metal lift-off was performed to generate a metal etch mask.
The metal pattern was transferred into the TiO, film using
electron cyclotron resonance reactive ion etching. The etch
parameters included a CF, and H, gas mixture in a ratio of
4:1, a microwave power of 235 W, a substrate power of 150
W, and a chamber pressure of 8.5 mTorr. The etch rate of the
amorphous and anatase films was approximately 35 nm/min.
After etching, the remaining metal mask was removed using
Cr-etchant, and 3-4 pm of Cytop fluoropolymer was depos-
ited as a top-cladding layer. Finally, the chips were cleaved
to prepare waveguide end-facets. In this manner, polycrys-
talline anatase TiO, waveguides with widths of 600 nm, 700
nm, 800 nm, and 900 nm were fabricated.

Using a pulsed pump laser centered at 1550-nm with
17-nm FWHM, 3¢ harmonic generation of light at 522-nm
and 526-nm was observed in two different 900-nm wave-
guides as evidenced by a streak of green light. As shown in
FIG. 12D, the corresponding spectrum of the emitted green
light was narrow, which is consistent with phase matching
between the fundamental pump mode around 1550 nm and
a higher order signal mode in the visible. As shown in FIGS.
12A, 12B, and 12C, the remaining waveguides exhibited a
broad, weak emission spectrum in the visible that closely
followed the pump spectrum—a result consistent with non-
phase-matched third harmonic generation (THG).

The dispersion of all modes in these waveguides was
calculated using a finite-difference eigenmode solver. Given
a TE-polarized pump beam, all possible phase matching
points between the fundamental mode pump in the infrared
and higher-order mode signal in the visible were considered.
Candidate points near the bandwidth of the pump are shown
in Table 2 below:

TABLE 2

600 nm 700 nm
pump (nm) 1519 1595 1633 1508 1621
signal (nm) 506.3 531.7 544 502.7 540.4
¥ (Wlkm™) 42 <1073 26.2 <1072 31.1
signal TE (%) 89.6 12.8 37.5 65 114

800 nm 900 nm

pump (nm) 1501 1572 1594 1496 1565 1586
signal (nm) 500.2 5239 5314 4985 5217 5288
vy (Wlkm™) <1072 134 <1072 <10% <1078 23.7
signal TE (%) 92.4 10 89 7.4 93.4 4.7

The only calculated phase matching points that fall within
the pump bandwidth and has high modal overlap between
pump and signal modes are in the 800-nm and 900-nm
waveguides at 523.9 nm and 528.8 nm, respectively. Based
on scanning electron microscope images of the waveguides,
the actual dimensions are slightly different from the design
dimensions. Taking these measured dimensions into account
shifts the calculated phase matching point in the 800-nm
waveguide out of the pump bandwidth and shifts the phase
match point in the two 900-nm waveguides close to the
observed third harmonic wavelengths at 522 and 526 nm. As
seen in FIG. 7, slight fabrication differences can account for
a shift of several nanometers in the phase matching point. In
many embodiments, modal overlap of the pump and signal
can be important for high conversion efficiency. This dem-
onstrates a strong match between simulations and theory
with experimental results of THG.
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As the 3" harmonic generation (THG) of the 522-nm
signal from a 1550-nm pump is the inverse of third order
spontaneous parametric down-conversion, the above gen-
eration of THG shows the feasibility of a third-order down-
conversion process in the TiO, waveguides since both pro-
cesses rely on the same % nonlinearity. Further, a signal
near 1600 nm was observed when pumping the 900-nm
waveguide with 532-nm light, and a signal near 1335 nm
was observed when pumping the 900-nm waveguide with
445-nm light. Further, evidence of stimulated down-conver-
sion was observed (a new spectral line appeared when
pumping with both 1310-nm and 532-nm light). These
observations are consistent with TOSPDC.

EXAMPLE 2

In another example, the dispersion of a number of visible
and infrared electromagnetic modes that can be sustained by
a waveguide that was assumed to be formed of polycrystal-
line anatase TiO, thin film were theoretically modeled as a
function of certain geometric parameters of the waveguide.
The waveguide was assumed to have a cross-sectional shape
characterized by a thickness (t), a width (w), and sidewall
angle. The sidewalls of the waveguide were slightly sloped
with a sidewall angle fixed at 75 degrees. The dispersion
curves associated with the modes were calculated as a
function of different values of the waveguide’s width and
thickness. For example, the top width of the waveguide was
varied from 600 nm to 700 nm in 10 nm increments.

By way of example, FIG. 13 shows how changing a
dimension of the waveguide, the waveguide width, can tune
the properties of the device. Specifically, the simulation in
FIG. 13 shows both the difference in effective index between
the higher order pump mode in the visible and the funda-
mental signal mode in the infrared, and the effective non-
linearity of the TOSPDC process due to the overlap between
these two modes, as a function of varying waveguide width
and for a thickness of the waveguide (i.e., thickness of 180
nm). The sidewall angles were fixed at 75 degrees, and it was
assumed that 90% of the slab surrounding the waveguide
was etched (i.e., etch depth fraction of 90%).

FIG. 13 shows that there exists a “phase match” at a
waveguide width of about 650 nm. By sweeping through
different waveguide widths, it was observed that for smaller
widths (starting at 600 nm), the difference in effective index
is negative and there is no phase matching yet. As the
waveguide width is increased, perfect phase matching is
achieved at a width of 648 nm, and then the difference in
effective index slowly increases again. Throughout this
whole region, there is a relatively large effective nonlinearity
vy (i.e. modal overlap), peaking at about 60/W /km. This
shows that a waveguide with a width of about 650 nm would
be phase matching with a large effective nonlinearity, mak-
ing for an excellent triplet source.

A device having a polycrystalline anatase TiO, thin film
with 180 nm thickness was fabricated. The film was depos-
ited on a silicon wafer, with thermal oxide (the under-
cladding of the device) having a thickness of 3 micrometers.
CVD oxide (SiO,) was utilized as the top cladding. For a
waveguide width of about 650 nm, etch fraction of 0.9, and
sidewall angle of 75 degrees, phase matching between
visible mode 10 and infrared mode 1 at 532 nm was
achieved with an effective nonlinearity of about 58/W/km,
as shown in FIG. 13.

FIG. 14 shows various waveguides fabricated with
dimensions dictated by these design sweeps. Specifically,
multiple scanning electron microscope images show TiO,
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waveguides fabricated with the ‘optimal’ dimensions as
described above in relation with the sweeps in FIG. 13. FIG.
14(a) shows an image of a waveguide having a thickness of
180 nm, sidewall angle of 75 degrees and a width of 657.5
nm as indicated by the vertical cursor width and arrow. FIG.
14(b) shows an image of a waveguide having a thickness of
180 nm, sidewall angle of 75 degrees and a width of 654.2
nm as indicated by the vertical cursor width and arrow. FIG.
14(c) shows an image of a waveguide having a thickness of
180 nm, sidewall angle of 75 degrees and a width of 649.1
nm as indicated by the vertical cursor width and arrow. FIG.
15 shows an image one of the waveguides in FIG. 14, where
the image is taken at 45 degrees to show the aspect ratio.

EXAMPLE 3

Micro-ring resonators with diameters down to 200 um and
demonstrated Q-factors of up to 20,000 were fabricated in
integrated polycrystalline anatase TiO, waveguides and
propagation losses of 4-6 dB/cm in the telecommunication
band were measured. FIG. 16(a) shows a pair of micro-ring
resonators 500 and 600 fabricated of polycrystalline anatase
TiO,. The micro-resonator 500 has a diameter of 300 pm,
and the micro-resonator 600 has a diameter of 200 um. FIG.
16(b) shows the micro-resonator 500 of FIG. 16(a), having
a resonance around 1550 nm.

FIG. 17 shows a sweep of resonances in an integrated
TiO, ring resonator device. Specifically, the plot shows
normalized transmitted power spectrum of a ring resonator
with a diameter of 300 um. Many dips corresponding to the
many resonances available in the ring may be observed, with
the highest Q factors at about 20,000. FIG. 18 shows the
normalized transmission of one of these resonances yields
losses of down to 4 dB/cm.

Various publications referenced herein are incorporated
by reference in their entirety.

Those having ordinary skill in the art will appreciate that
various changes can be made to the above embodiments
without departing from the scope of the invention.

The invention claimed is:

1. A device for generating triplet photons, comprising:

a substrate exhibiting a linear refractive index equal to or
less than about 1.6 for at least one radiation wave-
length,

a waveguide disposed on said substrate and extending
from a proximal end adapted to receive laser radiation
from a pump source at said wavelength, said wave-
guide comprising a radiation-propagating material
exhibiting a linear refractive index equal to or greater
than about 1.8 and a third order non-linear refractive
index equal to or greater than about 1x10™*° m*W for
said at least one radiation wavelength, said waveguide
being configured to provide phase matching between at
least one propagating mode of said pump radiation and
at least one propagating mode suitable for direct triplet
entangled photons generated via nonlinear interaction
of the pump radiation with the waveguide, wherein said
waveguide has a maximum cross-sectional dimension
in a range of about 100 nm to about 2000 nm and a
maximum length (L,,,.) defined by the following rela-
tion:
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wherein o, and o represent respectively coefficient of
absorption plus scattering loss of said waveguide at the
pump radiation wavelength and at a wavelength of said
at least one propagating mode for the direct triplet
entangled photons.

2. The device of claim 1, wherein said waveguide is
substantially transparent to radiation having a wavelength in
a range of about 400 nm to about 2000 nm.

3. The device of claim 1, wherein said waveguide has a
thickness in a range of about 100 nm to about 2000 nm.

4. The device of claim 1, wherein said waveguide com-
prises a top surface and a bottom surface in contact with the
substrate.

5. The device of claim 4, further comprising a top
cladding disposed on said top surface of the waveguide.

6. The device of claim 5, wherein said top cladding and
said substrate are formed of the same material.

7. The device of claim 5, wherein said top cladding and
said substrate are formed of different materials.

8. The device of claim 1, wherein said waveguide has a
non-circular cross-section.
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9. The device of claim 8, wherein said non-circular
cross-section comprises any of a rectangular and trapezoidal
cross-section.

10. The device of claim 1, wherein said waveguide is
configured to provide a plurality of modes for propagation of
said pump laser radiation.

11. The device of claim 10, wherein said waveguide is
configured to provide phase matching between a higher
propagating mode of said pump radiation and at least one
mode suitable for propagation of direct triplet entangled
photons generated via nonlinear interaction of the pump
radiation with the waveguide.

12. The device of claim 1, wherein said waveguide
comprises any of Ti0,, silicon nitride, diamond and silicon
carbide.

13. The device of claim 1, wherein said substrate com-

prises any of silica, quartz, aluminum oxide, zinc oxide,
sapphire and MgF,.



